Context: Growth in healthy children is associated with changes in bone density and microarchitecture. Trabecular morphology is an additional important determinant of bone strength, but little is currently known about trabecular morphology in healthy young people.
strength; the structure and microarchitecture of the skeleton also strongly influence the risk of fracture (3) . Accumulating cross-sectional studies using high-resolution peripheral quantitative computed tomography (HR-pQCT) to obtain three-dimensional imaging of the distal radius and tibia in children have illuminated the substantial changes in bone size, cortical thickness, and cortical porosity associated with growth (4-7). However, the trabecular compartment, particularly in girls, appeared to be more static in these studies (4) (5) (6) (7) . More recently, a longitudinal study in a large cohort of 1071 children detected a ;20% increase in trabecular bone density across pubertal growth at both the radius and tibia in boys, whereas in girls, there was a 10% increase at the tibia with no detectable increase at the radius (8) .
Analysis of mother-daughter pairs suggests that skeletal microarchitecture in the adult is largely determined in childhood (9) . These data suggest that factors that influence microarchitectural changes during this developmental window may affect fracture risk throughout the life span. Among these factors, body composition plays a major role (10) . Lean mass has consistently been shown to promote accrual of bone mass and cross-sectional area (11, 12) and has recently been demonstrated to correlate with trabecular bone number and density in children as measured by HR-pQCT (13) . The relationship of fat mass to bone mass and microarchitecture in growing children is less clear, with several studies demonstrating conflicting results (10) , and may depend on sex, pubertal status, and bone site.
Trabecular morphology is an increasingly recognized contributor to bone strength, with plate-like trabeculae conferring more strength than rod-like trabeculae and axial alignment along the direction of primary loading similarly being associated with increased strength (14, 15) . Individual trabecula segmentation (ITS) is a recently developed imaging technique that enables the in vivo distinction of plate-like and rod-like trabeculae as well as their associated number, thickness, surface, and length (16) . This technique has been used to elucidate skeletal fragility in premenopausal women with idiopathic osteoporosis (17) and postmenopausal women taking glucocorticoids (18) , as well as to explore differences among women of different racial backgrounds (19, 20) . Our group has recently used ITS analysis in a cohort of adolescent and young adult female athletes and found that those with oligomenorrhea had decreased density and number of plate-like trabeculae at the distal radius compared with eumenorrheic athletes-a difference that was not evident when total trabecular bone density was evaluated (21) . The potential clinical importance of trabecular morphology is highlighted by several casecontrol studies of postmenopausal women in which altered trabecular morphology has been associated with prevalent fracture (22) (23) (24) .
The objective of this study thus was to investigate the correlations of age and body composition with trabecular morphology in a cohort of healthy girls aged 9 to 18 years. We hypothesized that trabecular bone would become increasingly plate-like with increased maturity and that lean mass would positively correlate with plate-like morphology as well.
Materials and Methods

Participants
This was a cross-sectional investigation of skeletal microarchitecture in healthy girls aged 9 to 18 years. Recruitment strategies and inclusion and exclusion criteria have been previously reported (25) . Briefly, participants were recruited from the community using flyers and through a direct mail campaign. Exclusion criteria included disorders known or suspected to affect skeletal metabolism, including hypogonadism, thyroid disease, gastrointestinal disease, renal disease, and severe obesity (body mass index $99th percentile for age), as well as bone-active medications, including vitamin D .1000 IU/d and hormonal birth control. Participants were limited to girls due to previously reported differences in the pattern and timing of bone microarchitecture development between boys and girls (4). Ninety participants were enrolled in this study, of whom 86 underwent HR-pQCT imaging and are included in this analysis. This study was approved by the Partners Human Research Committee. Informed consent was obtained from participants who were 18 years old and from a parent or guardian for participants who were minors. Informed assent was obtained from minors. This trial was registered as NCT01180946 at ClinicalTrials.gov.
Clinical and biochemical investigations
Participants self-identified race and ethnicity. A standardized physical examination, including breast Tanner staging and anthropometric measurements, was performed. Pubertal status was categorized as prepubertal (Tanner 1, n = 11), midpubertal (Tanner 2 to 4, n = 34), and postpubertal (Tanner 5, n = 41). All blood samples were drawn in the morning in the fasting state. Insulin was measured by a chemiluminescent immunoassay (Beckman-Coulter, Brea, CA) with a sensitivity of 3 mIU/mL and interassay coefficient of variation (CV) of 3.1% to 5.6%. 25-hydroxyvitamin D was measured by liquid chromatography-tandem mass spectrometry with a lower limit of detection of 6 ng/mL and an interassay CV of 6% to 9%. 1,25-dihydroxyvitamin D [1,25(OH) 2 D] was measured by column chromatography followed by radioimmunoassay (LabCorp, Burlington, NC) with a lower limit of detection of 5 pg/mL and an interassay CV of 3.4% to 7.2%. Parathyroid hormone was measured by chemiluminescent immunoassay (BeckmanCoulter) with a sensitivity of 1 pg/mL and intra-assay and interassay CVs of 3% and 6%, respectively. Insulin-like growth factor 1 (IGF-1) was measured by enzyme-linked immunosorbent assay (Immunodiagnostic Systems, Tyne and Wear, UK) with a sensitivity of 3.1 mg/L and intra-assay and interassay CVs of 7%. Serum intact fibroblast growth factor 23 was measured by enzyme-linked immunosorbent assay (Kainos, Tokyo) with a sensitivity of 3 pg/mL and intraassay and interassay CVs of #3% and #4%, respectively. Bone age was determined by radiographs of the left hand according to the method of Greulich and Pyle (26) ; all films were read by a single pediatric endocrinologist.
Dual-energy x-ray absorptiometry imaging
Scans of the lumbar spine were obtained (Hologic QDR Discovery A, Marlborough, MA) and analyzed using Hologic Discovery version 13.5.3.2, and z scores were generated using Hologic Apex 3.3 software. Spine dual-energy x-ray absorptiometry (DXA) data were excluded for two participants, one because of overlying jewelry and one because of scoliosis. Whole-body imaging was used to measure body composition (total lean and fat mass) in all participants and visceral and subcutaneous adiposity in a subset of 51 participants.
HR-pQCT
Total volumetric density, compartment-specific densities, and microarchitecture of the distal radius and tibia were assessed using HR-pQCT (XtremeCT; Scanco Medical AG, Brüttisellen, Switzerland) as previously described (27) . Scans consisting of 100 computed tomography (CT) slices over a 9.02-mm region of interest (ROI) were acquired with an isotropic voxel size of 82 mm. The nondominant arm or leg was scanned unless there was a prior fracture at that region, in which case the contralateral side was scanned. As many of our participants (n = 39, 45%) had a bone age of ,15 years and thus had remaining growth potential, to account for limb lengthening during growth, rather than a fixed site, we defined the ROI as the 7% site at the radius and the 8% site at the tibia as described (28) . We used semiautomated software to segment cortical and trabecular regions with a threshold-based algorithm, followed by individual review and manual adjustment as necessary. Same-day reproducibility for repeated measurements is 0.2% to 1.4% for density values, 0.3% to 8.6% for trabecular microarchitecture parameters, and 0.6% to 2.4% for cortical microarchitecture parameters. We obtained high-quality tibia scans from all 86 participants who had HRpQCT scanning. We excluded radius scans from 9 participants due to motion artifact, leaving 77 participants for analysis.
ITS
The trabecular bone compartment was extracted from each HR-pQCT image, and the entire compartment underwent ITSbased morphological analysis as described (16) . Morphological parameters measured included plate-and rod-like bone volume divided by total volume (pBV/TV and rBV/TV); plate and rod number density; plate and rod thickness; plate surface area; rod length; plate tissue fraction; plate-plate, plate-rod, and rodrod junction density; and trabecular orientation (axial bone volume fraction). This method has previously been shown to correlate well with ITS parameters as determined by micro-CT (29) .
Statistical analyses
We used Stata 12.1 (StataCorp LP, College Station, TX) for all analyses. This was an exploratory analysis of a previously described cohort (25) , and thus, we did not use power calculations to determine the sample size. Clinical and laboratory data are reported as mean 6 standard deviation or median (interquartile range) for skewed data. We used linear regression to assess the associations of clinical and biochemical variables with measures of trabecular density and morphology. Associations of bone outcomes with body composition and biochemical parameters were adjusted for bone age. Multivariable regression was used to assess independent contribution of fat and lean mass to trabecular morphology. Associations with a P value of ,0.05 are reported as statistically significant. For comparisons of trabecular morphology by pubertal status, we used analysis of variance, followed by pairwise comparisons adjusted for multiple comparison by the Bonferroni method. Table 1 describes the clinical characteristics of the study participants. As reported previously, bone age was Data expressed as mean 6 standard deviation, median (25th percentile, 75th percentile) or number (percent), as appropriate. Participants who self-identified as multiracial identified as white and black (n = 3), black and Native American (n = 1), and Asian and white (n = 4).
Results
Participant characteristics
Abbreviations: BMI, body mass index; HbA1c, hemoglobin A1c; PTH, parathyroid hormone; 25OHD, 25-hydroxyvitamin D.
on average slightly higher than chronological age and had a left-skewed distribution. Both visceral adipose tissue and fasting insulin had right-skewed distributions. As expected, several parameters were statistically significantly associated with age in these growing children, including height, weight, body mass index, fat mass, lean mass, and spine bone mineral density (BMD) (positively correlated); phosphate and 1,25(OH) 2 D (negatively correlated); and fasting insulin and IGF-1 (inverted U-shaped distribution).
Correlations of trabecular density and morphology with bone age Overall, volumetric bone density and microarchitectural parameters as measured by HR-pQCT had numerically stronger correlations with bone age than with calendar age (data not shown), and thus all analyses in this report use bone age as a proxy for maturity. As shown in Fig. 1 , we did not observe a correlation of overall trabecular bone volume divided by total volume (BV/TV) as determined by standard HR-pQCT analysis with bone age at either the radius or tibia, although there was a trend toward an increase with increasing bone age at the tibia (Fig. 1A  and 1B ). In contrast, we observed an increase of pBV/TV with bone age at the tibia (Fig. 1D ) and a decrease of rBV/ TV with bone age at both the radius and tibia (Fig. 1E and  1F ). We observed no statistically significant association of pBV/TV with bone age at the radius (Fig. 1C) . The correlations were substantially similar when using age rather than bone age as the independent variable (R = 0.33, P = 0.002 for pBV/TV at the tibia, R = 20.38, P = 0.001 for rBV/TV at the radius, and R = 20.29, P = 0.007 for rBV/ TV at the tibia). These correlations were also substantially similar when, in sensitivity analyses, we restricted the cohort to white participants (n = 67) (R = 0.45, P , 0.001 for pBV/TV at the tibia, R = 20.43, P = 0.001 for rBV/TV at the radius, and R = 20.49, P , 0.001 for rBV/TV at the tibia). As shown in Table 2 , the increases in pBV/TV at the tibia were consistent with bone age-associated increases in plate number as well as plate size as measured by both thickness and surface area. At the radius, despite no statistically significant correlation of bone age with pBV/ TV, we did observe a positive correlation with plate surface area. These relationships are highlighted in the scatterplots in Fig. 2 . Negative correlations of rBV/TV with bone age were consistent with negative correlations of bone age with rod number at both the radius and tibia, although we did observe a statistically significant positive correlation of rod length with bone age at the tibia. In addition, axial bone volume fraction was positively correlated with bone age at the tibia but not at the radius. As shown in the line plots in Fig. 2C, 2F , and 2I, we observed a generally linear increase in plate thickness and surface across puberty, reaching statistical significance at the tibia in postpubertal girls vs both prepubertal and midpubertal girls, with an additional statistically significant difference in radius plate thickness in midpubertal vs prepubertal girls.
Correlations of ITS parameters with body composition
Given well-described associations of body composition with bone density and microarchitecture in children (10), we examined the correlations of fat and lean mass as measured by DXA with trabecular morphology. In univariate analyses adjusted for bone age, lean mass was positively associated with pBV/TV at both the radius and tibia (P = 0.022 and 0.025, respectively), whereas fat mass was positively correlated with rBV/TV at the tibia (P = 0.005). Because fat and lean mass were themselves positively correlated (R = 0.59, P , 0.001), we generated models for each ITS parameter with lean mass, fat mass, bone age, and height as covariates.
As shown in Table 3 , in our adjusted models, lean mass remained positively correlated with pBV/TV at the radius but not at the tibia. In addition, lean mass was associated with more numerous plates at the radius, thicker plates at both the radius and tibia, and thicker rods at the radius. In contrast, fat mass correlated inversely with plate thickness at the tibia and plate surface area at both sites. Fat mass also correlated positively with rBV/TV at the tibia, corresponding to an increase in rod number but a decrease in rod length. Finally, fat mass was associated with both rod and plate connectivity at the tibia. In addition, we found no associations of visceral adipose fat mass or of the visceral/subcutaneous fat ratio with any trabecular parameters (data not shown). In a sensitivity analysis restricting the cohort to the white participants only, the inverse correlations of fat mass with plate thickness at the tibia and plate surface area at both sites as well as the positive correlation of fat mass with rBV/TV and rod number at the tibia persisted. Lean mass showed a statistically significant inverse correlation with rod thickness at the tibia, but the positive correlations seen in the whole cohort were not observed when limited to white participants only.
Correlations of ITS parameters with biochemical and hormonal determinants of skeletal metabolism
We next examined the associations of total BV/TV, pBV/TV, and rBV/TV with several important determinants of bone growth and mineralization. These correlations were all adjusted for bone age (data not shown). Notably, serum phosphate positively correlated with total BV/TV and pBV/TV at both the distal radius (P = 0.041 and P = 0.011, respectively) and the tibia (P = 0.008 and P = 0.008, respectively). Although lean mass and fat mass were both inversely correlated with serum phosphate, this correlation became nonsignificant after adjustment for bone age. We found no correlations of 25OHD, 1,25(OH) 2 D, serum calcium, or FGF23 with trabecular parameters. PTH positively correlated with total BV/TV at the radius (P = 0.028) but not at the tibia and not with rBV/TV or pBV/TV at any site. Given the inverted U-shaped correlation of age with IGF-1 and fasting insulin, we generated three splines with knots placed at bone age #12 years and #16 years by visual inspection. Within these subgroups, we observed no correlations of IGF-1 or fasting insulin with trabecular parameters. Correlations of trabecular morphology with spine BMD The spine, a clinically important site due to its susceptibility to major osteoporotic fracture, is composed primarily of trabecular bone. We thus investigated to what extent measures of trabecular density and morphology were correlated with spine BMD as measured by DXA. As shown in Table 4 , both total and plate-like trabecular density at the tibia were statistically significantly correlated with spine BMD. Of note, the correlation with pBV/TV was numerically stronger. pBV/TV at the radius also correlated statistically significantly with spine BMD; we observed no statistically significant correlation with total BV/TV. There was no correlation of rBV/TV at either site with spine BMD.
Discussion
Using ITS analysis, we here report what is, to our knowledge, a novel assessment of in vivo trabecular morphology in healthy preadolescent and adolescent girls. We demonstrate that, with increasing maturity, the density of plate-like trabeculae increases at the distal tibia and that the plate surface area increases at both the distal radius and tibia, with additional increases in plate number and thickness observed at the tibia. Conversely, the density of rod-like trabeculae decreases with age at both sites, driven by a decrease in rod number. These data are consistent with several previous studies that demonstrate minimal changes in overall trabecular density with age across pubertal growth (4-8) but reveal important age-related morphological changes predicted to increase bone strength.
These results are consistent with previous data derived from histomorphometry of iliac crest biopsy samples, which demonstrated that, in growing children, remodeling of trabecular bone proceeds with a small but measurable positive balance such that trabecular width increases with age (30) . Our data suggest that this positive balance promotes a transition from a more rod-like to a more plate-like morphology. This morphology has been empirically correlated with fracture resistance. For example, Zhou et al. (15) found that plate and axial bone volume fraction were strongly and positively related to yield strength in human trabecular bone samples, whereas rod-like parameters were weakly and inversely correlated. Similarly, Arlot et al. (14) found that the density of microcracks and diffuse damage in lumbar vertebrae was higher in specimens with a more rod-like phenotype. Trabecular rods have the additional disadvantage that they may be more susceptible to remodeling-induced transection, after which they no longer contribute mechanically to bone strength (31, 32) .
Identifying modifiable influences on bone accrual during growth is critical to minimize the risk of later osteoporosis. To this end, the independent correlations of lean and fat mass to trabecular morphology in our cohort extend the growing body of literature regarding the impact of body composition on bone accrual and fracture risk in children (10) . We demonstrate that, after multivariable adjustment, lean mass is positively correlated with plate-like trabecular morphology at both sites, but particularly at the radius. This is consistent with previous literature and with studies that link muscular force and physical activity to bone accrual in children (33, 34) , suggesting that mechanical loading of the skeleton is an important determinant of bone accrual. However, it is clear that loading is not the only mediator of the association between lean mass and bone accrual given that previous studies report similar standardized effect sizes for the relationship between lean mass and/or physical activity and trabecular parameters at both the tibia, a weight-bearing site, and the distal radius, a non-weightbearing site (13, 34) . Indeed, in our data, the effect size for lean mass as a determinant of plate-like parameters was in fact higher at the radius. This suggests that other factors such as secreted myokines may also mediate this musclebone relationship (35) .
By contrast, we found that fat mass is correlated with rod parameters at the tibia and, interestingly, is inversely correlated with plate thickness at the tibia and with plate surface area at both the radius and tibia. These data suggest that fat mass may impair a physiologic rod-toplate transition with age. These data are consistent with HR-pQCT data from Farr et al. (13) demonstrating a negative relationship between trabecular thickness and fat mass in boys (although not in girls). In contrast to that report, we did not detect an association of fat mass with overall trabecular density at either site. The relationship between fat mass, obesity, and bone health is not straightforward; fat mass provides mechanical loading to bone while secreting a number of factors with positive, negative, and pleiotropic effects on bone accrual (36) .
Notably, a rodent model of diet-induced obesity demonstrated an initial increase in bone accrual, followed by a decrease in bone formation coincident with altered adipocyte metabolism (37) . These data suggest that fat mass may have differing effects depending on the age of the organism and on the degree of fat accumulation and metabolic disruption. Several skeletal parameters "track" across childhood growth such that children who start at a lower percentile will persist at a lower percentile throughout development. These parameters include areal bone density as measured by DXA (38) , volumetric density as measured by CT (39, 40) , and cortical and medullary cross-sectional areas (39, 40) . It is thus likely by analogy that trabecular morphology similarly tracks and that children with a more plate-like architecture maintain this architecture as adults. Importantly, the skeletal deterioration that occurs with aging and hypogonadism is associated with a transition back to a more rod-like morphology (41, 42) . These considerations suggest that optimal development of trabecular morphology during the period of bone accrual may confer bone strength advantages not only in youth but also throughout the life span and that exposure to excess adiposity during this critical window may have a negative and persistent impact on bone strength.
Because our data are cross-sectional, effects of age and body composition on development of trabecular morphology are not directly tested here. Of note as well, the bone age of our participants as a proxy for maturity was on average higher than chronological age, consistent with previously described secular trends in American adolescents (43) . In addition, our data are limited to girls; patterns and predictors of microarchitecture are different in boys and girls (4, 5, 7, 8) , and trabecular morphology likely differs as well. Given the small numbers of participants in our cohort who did not identify as white, we do not have the ability to evaluate differences in trabecular morphology in children of differing racial backgrounds, a factor known to be important in adults (19, 20) . The absence of correlation of lean mass with plate-like parameters at the radius when limiting the cohort to white participants may be due to the smaller sample size but raises the possibility of racial differences in determinants of trabecular morphology in childhood, which should be further explored. We also do not have data on physical activity in our participants, which is an important determinant of bone accrual (34) .
There are also technical considerations important to consider in the interpretation of these data. Although plate-like trabecular parameters measured by HR-pQCT are generally highly correlated with those measured by the gold-standard micro-CT, rod-like parameters have weaker correlations, likely due to the larger voxel size of HR-pQCT and more limited ability to resolve smaller structures (29) . In addition, the choice of the ROI to measure in a growing bone to compare the same "relative" region among children of different ages and heights is challenging (44) . Rather than using a fixed site, we chose, like other investigators, to perform measurements in a volume of interest located relative to limb length (5, 6) . Given that bone elongation does not proceed symmetrically and that the relative contribution of the distal and proximal growth plates to elongation may vary with age and pubertal stage, apparent variation in trabecular morphology may be in part due to functional positioning differences (44) . The development of imaging technologies with higher resolution and the ability to scan a larger ROI may help resolve this challenge. In addition, HR-pQCT images the distal radius and tibia, which are sites less subject to fragility fracture; the correlations of plate-like trabecular density with DXA measures of the spine suggest our findings at the radius and tibia are representative of trabecular changes at this clinically important site.
In conclusion, our data suggest that, across pubertal growth in healthy girls, trabecular bone morphology changes substantially in a manner predicted to increase bone strength and to better retain architectural integrity in the face of aging and hypogonadism. The observed associations of lean and fat mass with trabecular morphology are intriguing. If these factors are confirmed in longitudinal and mechanistic studies to directly affect trabecular morphology, an important determinant of the biomechanical properties of bone, this would suggest that body composition during youth may have long-term implications for skeletal health and fracture risk. 
